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The discovery of the gene responsible for HD enabled the study of mechanisms and disease progression through development of genetic animal models. The most currently used models include fragment, full-length, and knockin (KI) models. These models differ in CAG repeat length, copy numbers, and transgene expression levels. One of the first transgenic mouse models of HD, the R6/2 fragment model, carries exon 1 of the mutant gene and produces an aggressive phenotype more akin to the juvenile form of HD (Mangiarini et al. 1996) . The most widely studied full-length mouse models express human Htt in yeast or bacterial artificial chromosomes (YAC and BAC, respectively) (Gray et al. 2008; Hodgson et al. 1999; Slow et al. 2003) . These models tend to display a more protracted and less severe phenotype.
KI mouse models usually express full-length mutant (m)Htt, with varying CAG repeat lengths, in its native genomic context and therefore recapitulate the human disease more faithfully than transgenic mouse models (Heng et al. 2007 (Heng et al. , 2010 Lin et al. 2001; Menalled 2005; Menalled et al. 2003 Menalled et al. , 2012 Shelbourne et al. 1999; Yu et al. 2003) . In such models early overt behavioral changes are often subtle, but careful testing demonstrates abnormalities as early as 1-2 mo of age (Menalled et al. 2002) and a more severe phenotype develops as the mice age (Hickey et al. 2008) . Electrophysiological analyses have demonstrated alterations of synaptic activity in striatum and cerebral cortex in all HD models examined Raymond et al. 2011) . In striatum, transient and progressive changes in spontaneous excitatory synaptic activity and biphasic changes in receptor sensitivity have been shown (Cepeda et al. 2003; Graham et al. 2009; Joshi et al. 2009 ). In contrast, inhibitory GABAergic synaptic activity is increased in a subset of MSNs (Centonze et al. 2005; Cepeda et al. 2004 Cepeda et al. , 2013 Cummings et al. 2010; Dvorzhak et al. 2013) .
Less is known about alterations in cortical electrophysiology, but significant changes have been described in several HD models Spampanato et al. 2008) . This is important, as MSNs receive major excitatory glutamatergic inputs from the cortex and, to a lesser degree, from the thalamus. We previously demonstrated a disruption of corticostriatal communication that increases with disease progression in the R6/2 mouse model of HD (Cepeda et al. 2003) . How, when, and why this occurs remains unknown, but a progressive corticostriatal disconnection supports the notion that cell-cell interactions are essential to understanding of HD pathophysiology (Gu et al. 2007 ). Indeed, removing cortical mHtt ameliorates the motor and psychiatric disturbances in HD mice (Wang et al. 2014) . It is thus important to examine the chronology and progression of striatal and cortical synaptic alterations to determine whether changes in one region precede changes in the other.
In the present study, we examined the onset and progression of electrophysiological alterations in the cortex and striatum of a recently described KI model, the Q175. This KI mouse line was derived from a spontaneous germline CAG expansion from the CAG140 line (Menalled et al. 2012 ) and carries the human mHtt gene in the mouse genomic context (Heng et al. 2007; Menalled 2005) . Recent studies have characterized some of the behavioral, morphological, and electrophysiological alterations in these mice. Behavioral changes include motor, cognitive, and circadian deficits (Loh et al. 2013; Menalled et al. 2012) . Morphological alterations consist of decreases in the number of MSNs and striatal volume loss (Heikkinen et al. 2012) . Electrophysiological studies have shown that MSNs of 6-to 9-mo-old Q175 mice exhibit intrinsic hyperexcitability, but there is a significant decrease in corticostriatal excitatory synaptic input (Heikkinen et al. 2012 ). However, a systematic evaluation of correlated excitatory and inhibitory synaptic inputs to individual MSNs, combined with single-cell morphology, has not yet been performed. In addition, alterations in cortical pyramidal neurons (CPNs) have not been examined in this model. Thus the present study provides a comprehensive characterization of the electrophysiological and morphological phenotype of the Q175 mouse model that includes evaluation of both excitatory and inhibitory synaptic inputs to MSNs and CPNs, as well as more detailed morphological examination of somatic size, dendritic complexity, and spine density of recorded neurons.
MATERIALS AND METHODS
Animals. All experimental procedures were performed in accordance with the US Public Health Service Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of California, Los Angeles (UCLA). Male and female Q175 KI mice and wild-type (WT) littermates were obtained from our colony at UCLA. The Q175 KI mouse line was derived from a spontaneous expansion of the CAG copy number in CAG140 KI mice, in which a fragment extending upstream of Htt exon 1 has been replaced with the human HTT sequence containing 140 repeats of the CAG tract (Menalled et al. 2003 (Menalled et al. , 2012 . These mice were microinjected with the targeting vector into embryonic stem cells and backcrossed with C57BL/6J mice. The Q175 mice used in this study had a range of 166 -196 CAG repeats (mean ϭ 183 Ϯ 1.8, n ϭ 40). All mice were genotyped twice, once at weaning and again after electrophysiological recordings. For experiments in striatum, homozygous (Q175 ϩ/ϩ ) and heterozygous (175 ϩ/Ϫ ) animals were examined at three ages: 2 mo (behaviorally presymptomatic), 7 mo (overt behavioral phenotype), and 12 mo (full behavioral phenotype). Our experiments in the cortex of Q175 mice were limited to two genotypes (WT and Q175 ϩ/Ϫ ) and two time points (2 and 12 mo). This limitation was caused by breeding difficulties. Every effort was made to minimize pain, discomfort, and the number of mice used.
Cell visualization and electrophysiology. Detailed procedures for slice preparation have been published previously Cepeda et al. 2008 Cepeda et al. , 2013 Basic membrane properties were determined with a depolarizing step voltage command (5 mV) using the membrane test function integrated in the pCLAMP software. MSNs in the dorsolateral striatum and CPNs in layers 2/3 of the primary motor cortex (M1) were recorded. They were initially voltage-clamped at Ϫ70 mV, and spontaneous currents were recorded. These currents were mixtures of spontaneous excitatory postsynaptic currents (sEPSCs) and spontaneous inhibitory postsynaptic currents (sIPSCs), and the data are not reported here. The holding potential (V Hold ) was stepped to ϩ10 mV to record sIPSCs. The same cells were then held at Ϫ70 mV in the presence of bicuculline (BIC, 10 M) to block ␥-aminobutyric acid type A (GABA A ) receptor-mediated currents and to record sEPSCs in isolation. Tetrodotoxin (TTX, 1 M) was added to record miniature (m)EPSCs. Recorded postsynaptic currents were filtered at 1 kHz with Clampex 10.2 in gap-free mode. sEPSCs and sIPSCs were analyzed off-line with the automated detection protocol within the Mini Analysis program (Justin Lee, Synaptosoft, version 6.0) and subsequently checked manually for accuracy. Event analyses were performed blind to genotype. The threshold amplitude for the detection of an event (5 pA for sEPSCs; 10 pA for sIPSCs) was set above the root mean square noise (Ͻ2 pA at V Hold ϭ Ϫ70 mV and Ͻ4 pA at V Hold ϭ ϩ10 mV). sEPSCs and IPSCs with peak amplitudes between 10 and 50 pA and between 10 and 100 pA, respectively, were grouped, aligned by half-rise time, and normalized by peak amplitude to calculate event kinetics. For each cell, grouped events were averaged to calculate average amplitudes, rise times, and decay times.
Histochemistry. After recordings, slices containing biocytin-filled MSNs were fixed in formalin and stored in PBS with 0.05% sodium azide. The slices were washed with 1ϫ TBS, permeabilized with 0.7% Triton, incubated overnight with the fluorophore Alexa Fluor 488-streptavidin (1:1,000), mounted on glass slides, and examined on an ApoTome confocal microscope (Zeiss, Thornwood, NY). Neurons were imaged at ϫ20 and ϫ100 magnification. Somatic areas were calculated and spine densities were counted with ImageJ (National Institutes of Health). Dendritic arborization was determined by Sholl analysis. To assess the complexity of the dendritic arborization, the number of intersections was counted using 14 concentric circles with increasing diameters in steps of 10 m. Circles had a distance between 20 and 150 m from the soma.
Statistical analyses. Values reported are means Ϯ SE. Differences between group means were assessed with t-tests (for 2 groups) or one-way ANOVAs (multiple groups) followed by Bonferroni post hoc t-tests. Amplitude-frequency and cumulative interevent interval or amplitude distributions were compared with two-way repeated-measures ANOVAs followed by Bonferroni post hoc t-tests. Differences in the proportions of sIPSC-to-sEPSC ratios were assessed with the nonparametric 2 statistic. Differences were considered statistically significant when P Ͻ 0.05. All statistical analyses were performed with Microsoft Excel, Sigma Stat 12.0, or SPSS 21.
RESULTS

Basic membrane properties of MSNs.
Basic membrane properties of MSNs were recorded at a V Hold of Ϫ70 mV (Table 1) . There was a significant increase in mean cell capacitance for Q175 ϩ/ϩ at 2 mo compared with WTs and Q175 ϩ/Ϫ (P ϭ 0.017 and 0.005, respectively) but not at later ages. Mean input resistance was significantly increased at 2 mo for Q175 ϩ/ϩ compared with WTs (P ϭ 0.036). Although there also was an increase in mean input resistance for the Q175 ϩ/Ϫ group, it was not statistically significant. At 7 mo, input resistances of MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice were increased compared with WTs. Again, only the difference between Q175 ϩ/ϩ and WTs was statistically significant (P ϭ 0.003). At 12 mo, mean input resistances of MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ were statistically significantly increased compared with those of WTs (P Ͻ 0.001 and P ϭ 0.003, respectively). There also was a statistically significant decrease in the mean decay time constant () at both 2 (P ϭ 0.037) and 7 (P ϭ 0.002) mo in Q175 ϩ/Ϫ compared with Q175 ϩ/ϩ , but not compared with WTs.
sEPSCs and mEPSCs decrease in frequency in MSNs. Overall, sEPSC frequency of MSNs in Q175 mice decreased with phenotype progression and the decreases were generally greater in Q175 ϩ/ϩ than in Q175 ϩ/Ϫ mice ( Fig. 1) . At 2 mo, mean sEPSC frequencies of MSNs from Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice were similar to values from WTs ( Fig. 1B1,  inset) . Similarly, amplitude-frequency histograms and cumulative interevent interval distributions were not significantly different among the groups (Fig. 1, B1 and C1). At 7 mo, mean sEPSC frequency was decreased in MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with WTs ( Fig. 1B2 , inset). However, this decrease was statistically significant only for MSNs from Q175 ϩ/ϩ mice compared with those of WTs (P ϭ 0.009). Amplitude-frequency histograms displayed bins with statistically significant decreases in frequency for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with WT values (P Ͻ 0.001-0.021 for 5-10 and 10 -15 pA bins) and in the 5-10 pA bin for comparisons between values from Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice (P Ͻ 0.001) (Fig. 1B2 ). Cumulative interevent interval distributions were shifted to the right in MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs, indicating that there was a greater proportion of long interevent intervals (Fig. 1C2) . The interevent interval distribution of Q175 ϩ/ϩ mice was statistically significantly different from that of WTs for intervals from 100 to 1,900 ms (P Ͻ 0.001-0.038). The distribution from Q175 ϩ/Ϫ mice was significantly shifted from that of WTs for intervals from 100 to 1,000 ms (P Ͻ 0.001-0.049). In addition, the distribution from Q175 ϩ/ϩ mice was significantly different from that of Q175 ϩ/Ϫ mice for intervals from 200 to 1,300 ms (P Ͻ 0.05-0.001). At 12 mo, the mean frequencies of sEPSCs from MSNs of both Q175 ϩ/ϩ and Q175 ϩ/Ϫ were significantly reduced compared with those of WTs (P ϭ 0.021 and 0.024, respectively) ( Fig. 1B3 , inset). Similar to findings at 7 mo, amplitude-frequency histograms at 12 mo displayed bins with significant decreases in frequency for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice (P Ͻ 0.001-0.004 for 5-10 and 10 -15 pA bins for WT and Q175 ϩ/ϩ comparisons; P Ͻ 0.001 for 5-10 pA bin for WT and Q175 ϩ/Ϫ comparison) (Fig. 1B3 ). Cumulative interevent interval distributions at 12 mo remained shifted to the right in MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs mice (P Ͻ 0.001-0.05 for 100-to 1,700-ms intervals for comparisons between both WTs and Q175 ϩ/ϩ and WTs and Q175 ϩ/Ϫ ) ( Fig. 1C3 ). At 12 mo the cumulative interevent interval distributions for MSNs of Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice were similar. No significant changes were observed in mean sEPSC amplitudes for MSNs from Q175 mice at each age examined (Table 2) . sEPSC kinetics, including rise time, decay time, and half-amplitude duration, of MSNs from Q175 mice also were unchanged compared with kinetics of sEPSCs from WTs (data not shown). Values are means Ϯ SE for no. of cells in parentheses. C m , cell membrane capacitance; R m , input resistance; , time constant; MSN, medium-sized spiny neuron; CPN, cortical pyramidal neuron. Different from wild type (WT): *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Different from Q175 ϩ/ϩ : †P Ͻ 0.05, † †P Ͻ 0.01.
After completion of the recordings of sEPSCs, mEPSCs were recorded from the same neurons by perfusion of slices with 1 M TTX ( Fig. 2A) . At 2 mo, there were no differences in mEPSCs among the groups (Fig. 2, B1 and C1) . At 7 mo, mEPSCs were significantly reduced in MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with WTs (P ϭ 0.029 and 0.022, respectively) ( Fig. 2B2, inset) . Amplitude-frequency histograms displayed bins with significant decreases in frequency for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs (P Ͻ 0.001-0.032 for 5-10 and 10 -15 pA bins for both WT vs. Q175 ϩ/ϩ and WT vs. Q175 ϩ/Ϫ , respectively) (Fig. 2B2) . Cumulative interevent interval distributions were shifted to the right in MSNs from Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs, indicating that there was a higher proportion of longer interevent intervals (Fig. 2C2) . The interevent interval distributions of Q175 ϩ/ϩ were statistically significantly different from those of WTs for intervals from 100 to 1,600 ms (P Ͻ 0.001-0.045) and for WT vs. Q175 ϩ/Ϫ for intervals from 100 to 1,300 ms (P Ͻ 0.001 to P ϭ 0.045) (Fig. 2C2) . At 12 mo the mean frequencies of mEPSCs from MSNs of both Q175 ϩ/ϩ and Q175 ϩ/Ϫ were reduced compared with that of WTs, but only the difference between Q175
ϩ/Ϫ and WTs was statistically significant (P ϭ 0.005) (Fig. 2B3, inset) . Similar to findings at 7 mo, amplitudefrequency histograms at 12 mo displayed bins with significant decreases in frequency for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice (P Ͻ 0.001 for 5-10 pA bin for WT vs. either Q175 ϩ/ϩ or Q175 ϩ/Ϫ ; P Ͻ 0.001 for WT vs. Q175 ϩ/Ϫ for the 10 -15 pA bin; P ϭ 0.004 for WT vs. Q175 ϩ/Ϫ for the 10 -15 pA bin) (Fig. 2B3 ). Cumulative interevent interval distributions at 12 mo were significantly shifted to the right in MSNs from Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with that of WT mice (P Ͻ 0.001-0.05 for 100-to 2,000-ms intervals) (Fig. 2C3) . ϩ/Ϫ , and Q175 ϩ/ϩ mice at a holding potential (V Hold ) of Ϫ70 mV in the presence of 10 M bicuculline (BIC). B: amplitude-frequency histograms for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (B1), 7 (B2), and 12 (B3) mo. Significant decreases in frequency occurred in 5-10 and 10 -15 pA bins at both 7 and 12 mo for both Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice. The average frequency of sEPSCs (insets) was reduced significantly for Q175
ϩ/ϩ compared with WTs at both 7 and 12 mo and for Q175 ϩ/Ϫ compared with WTs at 12 mo, although there was a strong trend for a reduction at 7 mo as well. C: cumulative interevent interval histograms for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (C1), 7 (C2), and 12 (C3) mo. Histograms were significantly shifted to the right for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ compared with WTs at both 7 and 12 mo, indicating a higher proportion of occurrence of longer interevent intervals. In this and subsequent figures numbers below bar graphs are group ns of recorded neurons. All comparisons of Q175 ϩ/Ϫ or Q175 ϩ/ϩ with WT mice are indicated by asterisks, while comparisons of Q175 ϩ/Ϫ with Q175 ϩ/ϩ mice are indicated by daggers. For all comparisons * or † indicates P Ͻ 0.05, ** or † † indicates P Ͻ 0.01, and *** or † † † indicates P Ͻ 0.001. Single asterisks or daggers followed by a hyphen and multiple asterisks or daggers indicate multiple levels of significance for the bracketed comparisons. Values in all figures are means Ϯ SE.
Similar to sEPSCs, there were no statistically significant differences in mEPSC amplitudes among the groups at each age (Table 2) and there were no differences in mEPSC kinetics (data not shown).
sIPSCs increase in frequency in MSNs. sIPSCs were recorded at a V Hold of ϩ10 mV (Fig. 3A) . At 2 mo, there was a statistically significant increase in the mean frequencies of sIPSCs from Q175 ϩ/ϩ mice compared with those of WTs (P ϭ 0.013) (Fig. 3B1, inset) . The amplitude-frequency histograms for sIPSCs of Q175 ϩ/ϩ displayed one bin (10 -15 pA) with a statistically significant increase compared with values from both WT and Q175 ϩ/Ϫ mice (P ϭ 0.005 and 0.006, respectively) (Fig. 3B1) . Cumulative interevent interval distributions were shifted to the left for sIPSCs of MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs, indicating that proportionately more interevent intervals were shorter (Fig. 3C1) . The interevent interval distribution of Q175 ϩ/ϩ mice was statistically significantly different from that of WTs for intervals of 100-1,500 ms (P Ͻ 0.001-0.039) as well as significantly different from that of Q175 ϩ/Ϫ mice at interevent intervals of 200 -800 ms (P ϭ 0.010 -0.033). At 7 mo, Q175 ϩ/ϩ mice displayed a significantly increased sIPSC frequency (P ϭ 0.002). The amplitude-frequency histogram for sIPSCs of Q175 ϩ/ϩ mice displayed several bins with significantly increased frequencies compared with WTs (P Ͻ 0. 001-0.078, 15-20, 20 -25, and 25-30 pA) and Q175 ϩ/Ϫ mice (P Ͻ 0.001-0.036, 10 -15, 15-20 pA) (Fig. 3B2) . Cumulative interevent interval distributions were shifted to the left for MSNs from both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs (Fig. 3C2) . The interevent interval distribution of Q175 ϩ/ϩ was statistically significantly different from that of WTs for intervals of 100-1,000 ms (P Ͻ 0.001-0.038) as well as significantly different from that of Q175 ϩ/Ϫ mice at interevent intervals of 100 -500 ms (P Ͻ 0.001-0.012). At 12 mo, the mean sIPSC frequency of MSNs from Q175 ϩ/ϩ mice was significantly increased compared with WTs (P ϭ 0.009) (Fig.   3B3 ). The amplitude-frequency histogram for sIPSCs of Q175 ϩ/ϩ mice displayed one bin (10 -15 pA) with a significantly increased frequency compared with both WTs and Q175 ϩ/Ϫ mice (P Ͻ 0.001 and P ϭ 0.007, respectively) (Fig.  3B3) . The cumulative interevent interval distributions for sIPSCs of MSNs from Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice were shifted to the left compared with those of WTs (Fig. 3C3) . The interevent interval distribution of Q175 ϩ/ϩ was statistically significantly different from that of WTs for intervals of 100 -800 ms (P Ͻ 0.001-0.035) as well as significantly different from that of Q175 ϩ/Ϫ mice at interevent intervals of 100 -900 ms (P Ͻ 0.001-0.05). In addition, the interevent interval distribution of Q175 ϩ/Ϫ mice was statistically significantly different from that of WTs for intervals of 100 -300 ms (P Ͻ 0.001-0.018).
sIPSC amplitudes also were significantly increased. Although mean amplitudes were not significantly changed, there were shifts in the distributions of amplitudes. At 2 mo, cumulative amplitude histograms were shifted significantly to the right for Q175 ϩ/Ϫ mice compared with distributions from WTs or Q175 ϩ/ϩ mice, indicating proportionately more events with higher amplitudes from 20 to 34 pA (P ϭ 0.045-0.021) (Fig. 4A) . At 7 mo, again, cumulative amplitude histograms were shifted significantly to the right, indicating proportionately more events with higher amplitudes from 12 to 28 pA for Q175 ϩ/ϩ compared with values for WTs (P ϭ 0.012 to P Ͻ 0.001) and for Q175 ϩ/ϩ compared with Q175 ϩ/Ϫ for amplitudes of 12-18 pA (P ϭ 0.048-0.003) (Fig. 4B) . At 12 mo, cumulative amplitude histograms were shifted significantly to the right, indicating proportionately more events with higher amplitudes from 26 to 36 pA for Q175 ϩ/ϩ compared with values for WTs (P ϭ 0.05) (Fig. 4C ). There were no consistent differences in the kinetics of sIPSCs at each age (data not shown).
Ratios of frequencies of sIPSCs to sEPSCs are increased. To further examine changes in inputs to MSNs, the ratio of sIPSCs to sEPSCs was calculated for each neuron. This ratio provides a normalized index of the inhibitory and excitatory inputs to each cell independent of the absolute values of the frequencies. If the inputs are equal the ratio would be ϳ1. If the frequency of sIPSCs exceeds that of sEPSCs the ratio is Ͼ1, and if sIPSCs are reduced in frequency compared with sEPSCs the ratio is Ͻ1. At 2 mo, both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice displayed increases of the ratio, but only the difference between Q175
ϩ/ϩ and WTs was statistically significant (P ϭ 0.002) (Fig. 4D) . Examination of distributions of ratios, however, demonstrated significant differences between the distribution from WTs and those from Q175 ϩ/ϩ (P Ͻ 0.01) and Q175 ϩ/Ϫ (P ϭ 0.006) mice (Fig. 4E, left) . In both Q175
ϩ/ϩ and Q175 ϩ/Ϫ mice there was a significant shift in the proportion of neurons displaying higher sIPSC-to-sEPSC ratios. At 7 mo the results were similar. Both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice displayed increases of the mean ratio, with the difference in means being statistically significant for the comparison between Q175 ϩ/ϩ and WT mice (P Ͻ 0.001) (Fig. 4D ) while the distributions of ratios were significantly different between WTs and both Q175 ϩ/ϩ (P Ͻ 0.001) and Q175 ϩ/Ϫ (P ϭ 0.03) mice (Fig. 4E, center) . At 12 mo the increase in mean sIPSC-tosEPSC ratios for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice was statistically significantly different from that of WTs (P Ͻ 0.001 and P ϭ 0.04, respectively) (Fig. 4D) . Similarly, the distributions were shifted significantly to higher values for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with those of WTs (P Ͻ 0.001 and P ϭ 0.039, respectively).
Altered morphology of MSNs. To determine changes in MSN morphology, biocytin-filled recorded MSNs were examined for changes in somatic cross-sectional area (Table 1) , dendritic arborizations (Fig. 5) , and spine density (Fig. 6 ). Mean somatic cross-sectional area was significantly increased for MSNs from Q175 ϩ/ϩ mice compared with that of WTs at 2 mo (P Ͻ 0.001). There were no other significant differences between Q175 and WT mice at any of the other ages. The increase in somatic cross-sectional area at 2 mo in Q175 ϩ/ϩ mice is consistent with the increased MSN capacitance.
Dendritic complexity determined by Sholl analysis revealed that dendritic arborization as measured by the number of crossings at each radius maximizes at ϳ50 m from the center of the soma and is more complex at 7 and 12 mo compared with 2 mo of age (Fig. 5) . At 2 mo the maximum number of crossings is ϳ15, while at 7 and 12 mo it is close to 20. However, the distributions of dendritic crossings were similar in Q175 ϩ/ϩ , Q175 ϩ/Ϫ , and WT mice at each age (Fig. 5) .
Dendritic spine density of MSNs of Q175 and WT mice was examined by counting the number of spines on 10-m segments of dendrites of increasing branch order by an observer blind to genotype (Fig. 6) . As has been shown previously for MSNs, spine density increased with distance from the soma . No significant differences in spine density were apparent between Q175 and WT mice at 2 mo. However, there were significant decreases in spine density at 7 and 12 mo of age for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ mice compared with WTs. Spine densities were significantly reduced in Q175 ϩ/Ϫ mice at 7 mo for branch orders 3 and 4 compared with WTs (P Ͻ 0.001 and P Ͻ 0.023, respectively) and in Q175 ϩ/ϩ mice compared with WTs for branch order 3 (P ϭ 0.04). At 12 mo, spine densities were reduced for Q175 ϩ/Ϫ mice at branch orders 3 and 4 compared with WTs (P Ͻ 0.001 and P ϭ 0.017) and reduced for Q175 ϩ/ϩ mice at ϩ/ϩ mice at a V Hold of Ϫ70 mV in the presence of 10 M BIC and 1 M tetrodotoxin (TTX). B: amplitude-frequency histograms for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (B1), 7 (B2), and 12 (B3) mo. Significant decreases in frequency occurred in 5-10 and 10 -15 pA bins at both 7 and 12 mo for both Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice. The average frequency of mEPSCs (insets) was reduced significantly for both Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice compared with WTs at 7 mo and for Q175 ϩ/Ϫ compared with WTs at 12 mo. C: cumulative interevent interval histograms for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (C1), 7 (C2), and 12 (C3) mo. Histograms were significantly shifted to the right for both Q175 ϩ/ϩ and Q175 ϩ/Ϫ compared with WTs at both 7 and 12 mo, indicating a higher proportion of occurrence of longer interevent intervals. branch orders 2-5 compared with WTs (P ϭ 0.007, P Ͻ 0.001, P ϭ 0.009, P ϭ 0.005, respectively).
sEPSCs are similar while sIPSCs are increased in frequency in CPNs. For these experiments recordings were only obtained from Q175 ϩ/Ϫ and WT mice at two ages, 2 and 12 mo, because of the availability of mice. These were not the same mice used to evaluate alterations in MSNs. sEPSCs and mEPSCs were recorded at a V Hold of Ϫ70 mV with a Cs-methanesulfonate internal solution. Neuron capacitance, input resistance, and time constants were similar for CPNs from Q175 ϩ/Ϫ mice and WTs at both ages, although there was an increase in input resistance for all recorded CPNs between 2 and 12 mo (Table 1) . sEPSC and mEPSC frequencies were not significantly different between CPNs from Q175 ϩ/Ϫ and WT mice at either age (Fig. 7, A and B) . There also were no significant differences in amplitude-frequency and cumulative interevent interval distributions among the groups at either age (data not shown).
At 2 mo, mean sIPSC frequency was similar in Q175 ϩ/Ϫ mice compared with WT values (Fig. 7, C1 and D1, inset) . The amplitude-frequency histogram for sIPSCs of Q175 ϩ/Ϫ mice displayed one bin (10 -15 pA) with a significantly increased frequency (P ϭ 0.024) (Fig. 7D1) . The interevent interval distributions for Q175 ϩ/Ϫ mice were statistically significantly different from those of WTs for intervals of 100 -400 ms (P Ͻ 0.001 to P ϭ 0.03) (Fig. 7E1) . At 12 mo, the increase in sIPSC frequency in Q175 ϩ/Ϫ mice was statistically significantly different from that of WTs (P ϭ 0.009) (Fig. 7D2, inset) . The increase also was reflected by a significant difference in three amplitude-frequency bins (10, 15, and 20 pA) (P Ͻ 0.001, P Ͻ 0.001, and P ϭ 0.036, respectively). Similarly, cumulative interevent interval distributions were significantly shifted to the left from 100 to 800 ms, indicating a proportionately greater number of short interevent intervals (P Ͻ 0.001 to P ϭ 0.036). There also were significant differences between Q175 ϩ/Ϫ and Fig. 3 . A: representative traces of spontaneous inhibitory postsynaptic currents (sIPSCs) from striatal MSNs at 2 (A1), 7 (A2), and 12 (A3) mo for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at a V Hold of Ϫ70 mV. B: amplitude-frequency histograms for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (B1), 7 (B2), and 12 (B3) mo. Significant increases in frequency occurred for the 5-10 pA bin for Q175 ϩ/ϩ mice compared with Q175 ϩ/Ϫ and WTs at 2 mo. At 7 and 12 mo most of the significant increases occurred for comparisons between Q175 ϩ/ϩ and WT or Q175 ϩ/Ϫ mice. The average frequency of sIPSCs (insets) was increased significantly for Q175 ϩ/ϩ mice at all ages, for both Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice compared with WTs at 7 mo, and for Q175 ϩ/Ϫ at 12 mo. C: cumulative interevent interval histograms for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (C1), 7 (C2), and 12 (C3) mo. Histograms were significantly shifted to the left for Q175 ϩ/ϩ compared with either WT or Q175 ϩ/Ϫ mice at each age, indicating a higher proportion of occurrence of shorter interevent intervals. At 12 mo there also was a significant left shift in the distribution of cumulative interevent intervals for Q175 ϩ/Ϫ compared with that of WT mice.
WT mice in sIPSC amplitude and kinetics at 12 mo. sIPSC amplitude was significantly lower in Q175 ϩ/Ϫ compared with WTs (P ϭ 0.018) ( ϩ/Ϫ , respectively; P ϭ 0.004) compared with values from WTs.
To further examine changes in inputs to CPNs, the ratio of sIPSCs to sEPSCs was calculated for each neuron as for MSNs (Fig. 4F) . There was an increase in the mean ratio for CPNs of Q175 ϩ/Ϫ mice compared with values from WTs at both ages, but the increase was statistically significant only for the 12-mo groups (P ϭ 0.027). Examination of distributions of ratios demonstrated a shift in the proportion of neurons displaying higher sIPSC-to-sEPSC ratios at both ages. However, the differences between distributions of values from Q175 ϩ/Ϫ and WTs were not statistically significant.
We also examined morphological alterations, but only for CPNs at 12 mo, as there were no changes in sEPSCs or Fig. 4 . A-C: cumulative amplitude histograms for sIPSCs from WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (A), 7 (B), and 12 (C) mo. The proportionate distribution of larger amplitudes was significantly greater at 2 mo in Q175 ϩ/Ϫ compared with either WTs or Q175 ϩ/Ϫ mice, as shown by the distributional shift to the right. Similarly at 7 and 12 mo, distributions of events for either Q175 ϩ/Ϫ or Q175 ϩ/ϩ mice also were shifted to the right. The average amplitudes of sIPSCs (insets) from Q175 ϩ/Ϫ or Q175 ϩ/ϩ mice also were increased compared with WTs, but these increases were not statistically significant. D: average sIPSC-to-sEPSC ratios for MSNs were significantly increased for Q175 ϩ/ϩ compared with those from WT mice at all ages. The average ratio was significantly increased for Q175
ϩ/Ϫ compared with those from WT at 12 mo. E: normalized distributions of sIPSC-to-sEPSC frequency ratios for all MSNs in each age group [divided into 4 categorical bins: Ͻ1 (fewer sIPSCs than sEPSCs), 1-1.5 (more sIPSCs than sEPSCs), 1.5-2.0, and Ͼ2.0]. For all 3 ages these distributions were significantly shifted to the right for Q175 ϩ/Ϫ or Q175 ϩ/ϩ compared with WT mice, indicating that proportionately more neurons had higher ratios of sIPSCs to sEPSCs. F: average sIPSC-to-sEPSC ratios for CPN were increased for Q175 ϩ/Ϫ compared with those from WT mice at both 2 and 12 mo, but the difference only was significant at 12 mo. G: normalized distributions of sIPSC-to-sEPSC frequency ratios for all MSNs in each age group (similar to E). For both ages the distribution shifted proportionately to the greater ratios. mEPSCs and few changes in sIPSCs at 2 mo. There were no significant differences in CPN morphology between Q175 ϩ/Ϫ and WT mice. Mean somatic cross-sectional areas (Table 1) , dendritic arborizations, and spine densities were similar (data not shown for arborizations and spine densities).
DISCUSSION
The present study examined the progression of electrophysiological and morphological alterations that occur in striatal MSNs and CPNs of Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice. The findings indicate that, in the striatum, there are significant decreases in excitatory inputs to MSNs at both 7 and 12 mo combined with a correlated increase in inhibitory inputs that was more pronounced in neurons from Q175 ϩ/ϩ than Q175 ϩ/Ϫ mice. These alterations indicate that in MSNs there is an imbalance in the ratio of inhibition to excitation as the phenotype develops. This imbalance occurs in parallel with changes in intrinsic membrane properties and loss of spines on dendritic shafts of higher-branch order dendrites, without the loss of dendritic segments or an alteration in dendritic fields. In CPNs excitatory inputs in Q175 ϩ/Ϫ and WT mice are similar at the ages studied, whereas inhibitory inputs are increased at 12 mo in the Q175 ϩ/Ϫ . Thus the findings demonstrate that, depending on gene dosage and disease progression, Q175 mice exhibit a number of phenotypes that are similar to other mouse models of HD, but other alterations are at variance. It is important to note the similarities and differences among the various mouse models, as the Q175 ϩ/Ϫ mice, in contrast to some of the other models, closely resemble the typical human heterozygotic HD condition (Menalled and Brunner 2014) .
Increased input resistance is robust and occurs consistently across almost all animal models of HD. Significant increases are observed as early as 2 mo for MSNs from Q175 ϩ/ϩ mice and at 12 mo for cells from Q175 ϩ/Ϫ mice, although a very strong trend is present at both 2 and 7 mo for Q175 ϩ/Ϫ mice. Increased input resistance in MSNs from Q175 mice also has been previously reported (Dvorzhak et al. 2013; Heikkinen et al. 2012 ). This increased input resistance could result from abnormal K ϩ conductances as reported in the R6/2 and Tg-CAG100 mouse models of HD (Ariano et al. 2005; Cepeda et al. 2003) . Similar to R6/2 , there was a decrease in cell membrane decay time constant but only in MSNs from 2 and 7 mo Q175 ϩ/Ϫ mice. Unexpectedly, cell capacitance was increased in MSNs from 2-mo-old Q175 ϩ/ϩ . We do not have an explanation for this observation, but the increase in cell capacitance in these mice is consistent with observations of increased somatic cross-sectional areas in MSNs of Q175 ϩ/ϩ mice. Although changes in biophysical membrane properties are expected to influence synaptic integration, those changes did not lead to consistent effects on amplitude or kinetics of synaptic inputs, suggesting that other factors, e.g., receptor subunit composition and neurotransmitter transporters, could be involved.
Changes in intrinsic membrane properties occurred in parallel with morphological changes in MSNs as determined by biocytin labeling. There was a gradual loss of spines as early as 7 mo in Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice. In CAG140 mice, there is reduced spine density and loss of dendritic complexity in 20-to 26-mo-old homozygous animals (Lerner et al. 2012 ). Therefore, the onset of spine density loss in Q175 mice occurs much earlier than in CAG140 mice, further demonstrating a more severe phenotype. However, we did not observe a reduction in dendritic complexity in 12-mo-old Q175 mice. This indicates that spine loss precedes pathological reduction of dendritic fields. It is thus plausible that Q175 mice will have a reduced dendritic complexity at a later age. In other mouse models of HD decreases in MSN spine density, as well as alterations in ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (A; n ϭ 21, 11, 4, respectively), 7 (B; n ϭ 12, 14, 7, respectively), and 12 (C; n ϭ 12, 16, 18, respectively) mo. Histograms on right of images show Sholl analyses performed with increments of 10-m diameter. Although dendritic complexity increased with age, there were no significant differences in dendritic complexity for MSNs from Q175 ϩ/Ϫ or Q175 ϩ/ϩ mice compared with WTs at any age.
dendritic field complexity, occur as the phenotype progresses Lerner et al. 2012) .
The frequency of sEPSCs and mEPSCs was significantly decreased in MSNs from Q175 mice. The reduction in EPSC frequency was more pronounced and occurred earlier in MSNs from Q175 ϩ/ϩ than Q175 ϩ/Ϫ mice. These findings are similar to the decrease in 7-to 9-mo-old Q175 mice found previously (Heikkinen et al. 2012) . However, unlike the findings reported by these authors, we did not observe changes in sEPSC amplitude for MSNs from Q175 ϩ/Ϫ or Q175 ϩ/ϩ mice at any age. sEPSC kinetics (rise time, decay time, or half-amplitude duration) of MSNs from Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice were unchanged compared with WTs at each age tested. It is therefore unlikely that glutamate receptor subunit composition or transporters are altered in MSNs from Q175 mice. Changes in mEPSC amplitude and frequency were similar to changes found in sEPSCs and indicated that the effects were independent of action potential frequency. Similar alterations in the frequency of sEPSCs and mEPSCs with phenotype progression have been observed in multiple mouse models of HD including the R6/2, R6/1, YAC, and BAC models and have been associated more mechanistically with both pre-and postsynaptic alterations in the striatum, including reductions in synaptic proteins, loss of dendritic spines, and loss of synapses Cepeda et al. 2003; Gray et al. 2008; Milnerwood and Raymond 2007; Raymond et al. 2011; Wang et al. 2014) . The overall agreement of these effects in multiple mouse models provides considerable validity to this change and indicates further that a major change in MSNs is loss of excitatory synaptic communication as the phenotype progresses.
In contrast, sIPSC frequency in MSNs from Q175 ϩ/ϩ mice was markedly increased as early as 2 mo of age. Furthermore, sIPSC amplitude was increased in MSNs from Q175 ϩ/ϩ mice compared with WTs. An increase in sIPSC frequency in MSNs from Q175 ϩ/ϩ mice also has been reported (Dvorzhak et al. 2013) . The changes in frequency of sIPSCs are congruent with alterations in inhibitory inputs to MSNs observed in R6/2, YAC128, BACHD, and other mouse models of HD (Centonze et al. 2005; Cepeda et al. 2004; Cummings et al. 2010) . The increase in the frequency of sIPSCs combined with the decrease in frequency of sEPSCs and mEPSCs generates a marked imbalance in the ratio of inhibition to excitation, which is relevant for understanding phenotype progression. In support, there is recent evidence for a decrease in the glutamateto-GABA ratio measured by HPLC in 6-mo-old Q175 mice (Smith et al. 2014) . Inhibitory inputs to MSNs are derived from two sources, feedback inhibition from other MSNs and feedforward inhibition from several populations of striatal interneurons. We have shown previously that in the R6/2 and BACHD models a major source of the increase in inhibition observed in Fig. 6 . Representative confocal images of biocytinlabeled dendritic shafts of MSNs at ϫ100 magnification for WT, Q175 ϩ/Ϫ , and Q175 ϩ/ϩ mice at 2 (A; n ϭ 14, 8, 6, respectively), 7 (B; n ϭ 10, 11, 12, respectively), and 12 (C; n ϭ 15, 19, 15, respectively) mo to examine spine density. Spine densities were determined by counting the number of spines on 10-m segments. Histograms on right show spine density at each branch order. At 2 mo there were no significant differences among the groups. Spine density was significantly decreased in both Q175 ϩ/Ϫ and Q175 ϩ/ϩ mice at several branch orders at 7 and 12 mo compared with WTs.
MSNs is generated by striatal interneurons, both fast-firing parvalbumin-expressing interneurons and persistent lowthreshold-spiking somatostatin-expressing interneurons (Cepeda et al. 2013 ). However, this issue remains somewhat unclear. Since MSNs are more depolarized in some of the HD models, especially the R6/2 , they may produce more spontaneous action potentials not only in vivo (Rebec et al. 2006 ) but also in vitro, thus providing another potential source of increased GABA inputs in HD. Furthermore, a recent study suggested that increased GABA activity could be the result of disinhibition of spontaneous action potential generation by MSNs (Dvorzhak et al. 2013) .
Our experiments in the cortex of Q175 mice were limited to two genotypes (WT and Q175 ϩ/Ϫ ) and two time points (2 and 12 mo). This limitation was caused by breeding difficulties. We chose to record CPNs only from 2-and 12-mo-old animals, since we found no significant pathological progression in MSNs at 12 mo compared with 7 mo. There were no significant differences in input resistance, capacitance, and time constant in CPNs from Q175 ϩ/Ϫ mice at 12 mo. However, all recordings in the present study used a Cs-methanesulfonate-based internal solution. We previously reported increased input resistance in CPNs from symptomatic YAC128 and CAG140 mice ). Similar increases were observed in 80-day-old R6/2 mice but only when K-gluconate was used as the internal pipette solution. It is therefore possible that differences in CPN membrane properties in Q175 mice would become apparent when K-gluconate is used as the internal solution. In agreement, progressive alterations in passive and active membrane properties were observed in CPNs from ϩ/Ϫ mice at a V Hold of Ϫ70 mV. Bar graphs below each set of traces show the average frequencies of sEPSCs and mEPSCs at each age for each group. There were no significant changes between groups at each age. C: representative traces of sIPSCs recorded from CPNs at a V Hold of ϩ10 mV at 2 (C1) and 12 (C2) mo. D: amplitude-frequency histograms for WT and Q175
ϩ/Ϫ and Q175 ϩ/ϩ mice at 2 (D1) and 12 (D2) mo. Significant increases in frequency occurred for the 10 -15 pA bin for Q175 ϩ/Ϫ mice compared with WTs at 2 mo. At 12 mo significant increases occurred for comparisons between Q175 ϩ/Ϫ and WT mice for 10 -20 pA bins. The average frequency of sIPSCs (insets) was increased significantly for Q175 ϩ/Ϫ mice at 12 mo. E: cumulative interevent interval histograms for Q175 ϩ/Ϫ and WT mice at 2 (E1) and 12 (E2) mo. Histograms were significantly shifted to the left for Q175 ϩ/Ϫ compared with WT at both ages.
perirhinal cortex of R6/1 mice with a K ϩ -based recording solution (Cummings et al. 2006) . Unlike MSNs, CPNs from Q175 ϩ/Ϫ mice did not display altered morphology, indicating that CPNs are less vulnerable to morphological alterations than MSNs. In the R6/2 and CAG100 mouse models significant dendritic abnormalities and spine loss were reported Laforet et al. 2001) .
In symptomatic R6/2, YAC128, and CAG140 homozygotic KI mice, sEPSC frequency of CPNs is significantly increased ). This change could correlate with the observation that CPNs from behaving, symptomatic R6/2 animals display faster spontaneous firing rates compared with WT littermates (Walker et al. 2008) . In the present study, however, we did not observe alterations in sEPSCs or mEPSCs in CPNs from Q175 ϩ/Ϫ mice at 12 mo. It is possible that in Q175 ϩ/ϩ mice or in older Q175 ϩ/Ϫ mice increased EPSC frequency may occur. In contrast, CPNs from Q175 ϩ/Ϫ mice had significantly increased sIPSC frequencies. Some increases were already apparent at 2 mo and became more significant at 12 mo. In CPNs from R6/2 mice we reported biphasic changes in IPSC frequency. At 21 days of age before overt behavioral symptoms develop IPSC frequencies were increased, whereas at 80 days, in fully symptomatic mice, they were reduced ). In the same study we found that CPNs from YAC128 and CAG140 mice at 12 mo displayed increased IPSC frequencies. As the R6/2 fragment model presents with a very aggressive phenotype, it is possible that reduced inhibition to CPNs represents a very late stage in disease progression that has not yet occurred in YAC128, CAG140, or Q175 mice at 12 mo.
The increase in sIPSC frequency that we observed in cortical layer 2/3 of Q175 mice beginning at 2 mo could represent a compensatory mechanism that prevents excitotoxic activation of MSNs by CPNs. The source of increased inhibition remains unanswered, but we can postulate that it originates from local interneurons. Preliminary studies in our laboratory indicate increased GABA responses evoked in CPNs by optogenetic stimulation of somatostatin-expressing interneurons . In contrast to our previous study in R6/2 mice, we did not observe large-amplitude events in MSNs from Q175 mice, nor did we find robust changes in excitatory inputs into CPNs in layer 2/3. Thus we postulate that increased inhibition in CPNs keeps cortical excitability in check and prevents excessive excitation of striatal neurons. However, in a fulllength mouse model of HD, the BACHD, reduced inhibition onto CPNs, along with decreased excitation onto CPNs and parvalbumin-expressing interneurons at 6 mo, has been reported (Spampanato et al. 2008) , further emphasizing the importance of the HD model used and the stage of phenotype progression.
In conclusion, while the Q175 is a relatively new model, electrophysiologically it displays many properties similar to other KI and transgenic models including the early increases in MSN membrane input resistance, loss of excitatory inputs to MSNs, which appear to be associated with loss of dendritic spines, increase in inhibitory inputs to MSNs, and increases in inhibitory inputs to CPNs. With several exceptions, the degree of these alterations in Q175 mice was greater or occurred earlier in homozygotic compared with heterozygotic mice and increased with progression of the phenotype over age. Similar gene dosage and age effects have been observed in Q175 mice with regard to disruption of circadian rhythms (Loh et al. 2013) . Changes in intrinsic membrane and synaptic properties provide potential therapeutic targets. Particularly intriguing is the early increase in frequency of sIPSCs in CPNs from Q175 mice at a presymptomatic stage, when no changes in striatal EPSC synaptic activity are yet apparent. If this increase truly represents a compensatory mechanism to reduce cortical hyperexcitability and prevent striatal damage, reinforcing cortical inhibition could be a clinical target.
The present findings, taken in conjunction with the electrophysiological findings from other mouse models, emphasize both the similarities and differences among models. Conclusions based on findings from just one model, while very useful for beginning to understand outcomes in HD, need to be validated with multiple models at different stages of disease progression. The primary advantage of the Q175 model is more rapid progression of the phenotype compared with the CAG140 model and the early appearance of alterations in heterozygotic mice, which more faithfully recapitulate the human condition and are more adequate for preclinical studies.
